Abstract In this work, a real wastewater (deriving from the chemical-pharmaceutical field) was treated by means of H 2 O 2 /UV process under different conditions in a pilot-scale plant. Several methods were used in order to assess the oxidation efficiency and to understand the main reaction features. It was shown that nonconventional COD measurement (with a 75°C digestion of the sample) is helpful for understanding reaction mechanisms, when integrated with TOC and COD analyses and GC-MS determinations. For the biodegradability study, beside BOD (5 and 20 days) measurements, OUR and AUR tests provide additional information especially when wastewater is tested by taking the activated sludge from the treatment plant which should really be fed with it. Finally, dehydrogenase activity measurements can show the presence of complex organic matter, which may be degraded only by an acclimated biomass.
Introduction
Many systems (in terms of different processes and different technologies) are available for chemical oxidation of wastewater. The choice of the suitable solution must be carried out considering several factors, which can be grouped into the following items: treatment efficiency (i.e. removal of organics); suitability for a combined chemical-biological treatment (i.e. biological treatability of the oxidized wastewater); economic efficiency (i.e. investment and operating costs). Other aspects (for instance, plant simplicity, flexibility, reliability, etc.) must also be evaluated for practical applications.
As far as the treatment efficiency is concerned, aspecific parameters (e.g. COD, TOC) are often used. They are easily performed, but they do not provide direct information about the transformation of organic matter. However, the measurement of single compounds is more expensive and, in general, is more complicated especially if the by-products must be analysed. This requires knowledge of the reaction mechanisms, which are strongly affected by the mutual relationship among treatment conditions (temperature, pH, reagent dosage etc.) and the wastewater composition, as shown by several authors (e.g. Yoon et al., 2001) . The biodegradability of a wastewater can be assessed, beside BOD analyses, by means of biological and microbiological tests: for instance, AUR (Ammonia Uptake Rate) and OUR (Oxygen Uptake Rate) tests allow us to highlight short-term intoxication of an activated sludge; the determination of total heterotrophic bacteria concentration (expressed as CFU/mL = Colony Forming Units) can be correlated to long-term effects (Riganti et al., 1999; Bertanza et al., 2001) . Also, toxicity can be determined by means of bioluminescent bacteria (several equipments are commercially available). Economic efficiency can be evaluated by calculating reagent and energy consumption, sludge production and "plant related" costs (capital, maintenance, etc.). Bolton and Bircher (1996) proposed a figure-ofmerit to consider the electric energy per order of magnitude of oxidized pollutant related to one cubic metre volume: EE/O (kWh/m 3 × order of magnitude). For instance, for batch operation, this index is calculated as follows: EE/O = (P el × 1000)/(V R log(c 0 /c)).
In this work, a real wastewater (deriving from the chemical-pharmaceutical field) was treated by means of H 2 O 2 /UV process under different conditions in a pilot-scale plant. Several methods were used in order to assess the oxidation efficiency and to understand the main reaction features.
Materials and methods
The wastewater used for the experiment was characterized by a very high COD concentration (65,000 mg/L). Organic matter was mainly constituted by acetone, dimethylformamide (DMF) and acetic acid, together with trace compounds (rifamicine and other active principles). The organic content of this wastewater is well defined (three main substances are present), thus simplifying the analytical approach and the interpretation of the reaction mechanisms. Wastewater was always diluted with distilled water at the beginning of every test, in order to reach a COD concentration of about 900 mg/L. Experiments were conducted with an Ultralight Ha-Ra ® UV oxidation unit. This reactor (10 L volume) is equipped with a 15 kW medium pressure mercury lamp; the wastewater (stored in a 50 L tank) was continuously recirculated to the reactor by means of a 10 L/min pump. The reactor is also equipped with an H 2 O 2 dosage device and with an inlet point for air blowing. Several oxidation tests were carried out. Results reported in this paper are referred to two tests (named A and B) conducted under the following experimental conditions: initial COD concentration: 900 mg/L; H 2 O 2 dosage: 700 mg/L (added in a single step for test A and continuously added during test B); effluent temperature: 45°C; reaction time: 2 hours; pH: 3.5 (obtained by addition of H 2 SO 4 ). During the second test, air was blown within the reactor. Analyses were carried out as follows:
• specific compounds contained in the raw and treated wastewaters (acetone, dimethylformamide, acetic acid) were determined by means of GC-MS; • COD was determined accordingly with IRSA-CNR (1994) method (K 2 Cr 2 O 7 acid oxidation, 2 h digestion at 150°C); • COD determination under weaker conditions (samples were submitted to a low temperature K 2 Cr 2 O 7 acid oxidation (75°C) for different lengths of time: from 10 to 120 min) was also carried out in order to define a rough classification of the organic matter: in fact, in this way it was possible to divide organic matter into an easily degradable fraction (determined with a 10-20 min digestion at 75°C), an intermediate fraction (determined with a 120 min digestion at 75°C) and a refractory fraction (determined only after digestion at 150°C for 120 minutes); • UV-absorbance was measured in the range 340-900 nm by means of a Dr. Lange CADAS 30 S spectrophotometer; • TOC was measured by means of a TOC analyser (1010 O.I. analytical) which performed carbon oxidation and IR reading of produced CO 2 ; • BOD 5 and BOD 20 concentrations were determined in accordance with the IRSA-CNR (1994) method; • OUR tests were carried out with the activated sludge taken from a municipal wastewater treatment plant; • AUR tests were also carried out with the activated sludge taken from a municipal wastewater treatment plant, by addition of ammonia (initial concentration = 20 mgN/L); • DHA (dehydrogenase activity) was used for assessing the biomass response to the introduction of a substrate. The respiratory chain enzyme activity was detected by adding 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride (TTC, Dr. Lange) to replicates of adequate dilutions. After 1 h incubation at anaerobic conditions at 20°C the monoformazans (TPF) produced after reduction of TTC were eluted by ethanol and quantified by means of spectrophotometry (λ = 490 nm).
A first set of measurements was conducted immediately after the wastewater was processed. A second set of measurements was carried out on the same oxidized wastewater but after 5 months storage in a closed tank (this led, as reported below, to a partial degradation of the organic matter meanwhile).
First set of measurements
Analyses were carried out on samples taken at different time intervals during the oxidation process: 40, 80 and 120 minutes, respectively. In Figure 1 , COD profiles are reported: beside the significant difference in the overall COD removal efficiency (this difference occurred after 40 minutes reaction, because in test A H 2 O 2 was dosed at the beginning of the test, while it was progressively dosed during test B), it can be seen how, in the second case (test B), the "readily" degradable matter was almost completely reduced, while during test A, slight changes occurred after 40 minutes oxidation, in terms of both total COD concentration and COD fractioning. Stronger reaction conditions were in fact applied during test B (the oxygen contained in the air flow was supposed to take part in the oxidation reaction (Bertanza et al., 2002) ). The COD/TOC ratio and the average oxidation state, calculated as 4(TOD-COD)/TOC (Eckenfelder, 2000) , also show a different degree of transformation of organic matter (Table 1) . During test B a higher oxidation state was reached, thanks to the stronger reaction conditions.
If the relative transformation of the three main organic constituents is considered (Table  2) , we can see that DMF always decreased suddenly, due to either acid hydrolysis or oxidation. During test A, the progressive oxidation did not significantly affect the (acetic acid + DMF)/acetone ratio thus yielding an average oxidation state roughly constant during the test (Table 1) . It can be supposed that the oxidation conditions were not strong enough to oxidize all the acetic acid (originally present or derived from the oxidation of acetone). In the second case (test B), the stronger oxidation conditions led to the immediate transformation of acetic acid and to the progressive oxidation and/or mineralisation of acetone (see COD and TOC remarkable reduction). Although the oxidation number of acetone is lower than that of acetic acid and DMF, it can be supposed that other organic molecules (possibly formed during the oxidation reactions) contributed to increasing the average oxidation state. The absorbance curves show again the different scheme of transformation of the organic substances (Figure 2) . Another important aspect to be taken into account, especially when chemical oxidation is coupled with a biological process, is the effect on wastewater biodegradability. In Figure  3 , BOD data are reported. As to test A, we can see that the BOD/COD ratio (which is an index of wastewater biodegradability) reached its maximum value after 80 minutes oxidation, as confirmed by the high percentage content of acetic acid (see Table 2 ). During test B, the residual organic matter after 120 minutes oxidation appeared to be readily degradable. In Figure 4 , BOD 5 /BOD 20 ratio and OUR are plotted (test A): both the parameters increased after 120 minutes oxidation, showing again a higher biodegradability. Figure 5 points out that oxidized wastewater caused no inhibition of bacterial nitrification in comparison with municipal wastewater (higher AUR values were in fact recorded despite the higher COD concentrations maintained during AUR tests).
Second set of measurements
Treated (during test A) wastewater was submitted to further biological investigations, aimed at evaluating possible microbial inhibition/toxicity phenomena. After 5 months storage, the wastewater characteristics changed as reported in Table 3 . An OUR test was conducted in a 1 L thermostatted bottle, with activated sludge (taken from a municipal wastewater treatment plant) and following a multiple substrate dosage procedure (different substrates at different time intervals). Aeration was continuously switched on and off in order to record several OUR values (Ekama et al., 1986) . The following substrates were dosed during a prolonged OUR test: 2 mg/L nitrogen, 1 mg/L phosphorus, 5 mg/L ATU (allylthiourea, as inhibitor agent of nitrification), 50 mg/L COD as α-D-glucose, after 24 hours aeration (aimed at achieving the endogenous conditions); the same amount of nitrogen, phosphorus, ATU and COD (wastewater after 120 minutes oxidation), 70 minutes after the first substrate addition; again nitrogen, phosphorus, ATU and COD (wastewater after 40 minutes oxidation), 80 minutes after the second substrate addition; again nitrogen, phosphorus, ATU and COD (raw wastewater), 60 minutes after the third substrate addition; finally, 500 mg/L phenol, 100 minutes after the fourth substrate addition, in order to yield the biomass intoxication.
Beside OUR, the dehydrogenase activity was measured during this test after the addition of substrates. In Figure 6 , the OUR profile and the TPF concentration are reported. Both OUR and DHA patterns are affected by the characteristics of the dosed substrate: they grow when degradable matter (glucose or wastewater) is added and decrease after phenol is added. It is worth noting that the dosage of wastewater (slowly degradable COD) led to not very high OUR values, while DHA showed a significant increase. This can be due to the intensification of the cellular activity when degrading complex molecules (like those contained in the wastewater: e.g. the relatively high difference between COD and BOD 20 ). Figure 6 OUR and DHA time profiles recorded during the respirometric test
